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Reliable phenotypes are paramount for meaningful quantification of genetic variation and
for estimating individual breeding values on which genetic selection is based. In this paper,
we assert that genetic improvement of host tolerance to disease, although desirable,
may be first of all handicapped by the ability to obtain unbiased tolerance estimates at a
phenotypic level. In contrast to resistance, which can be inferred by appropriate measures
of within host pathogen burden, tolerance is more difficult to quantify as it refers to change
in performance with respect to changes in pathogen burden. For this reason, tolerance
phenotypes have only been specified at the level of a group of individuals, where such
phenotypes can be estimated using regression analysis. However, few stsudies have
raised the potential bias in these estimates resulting from confounding effects between
resistance and tolerance. Using a simulation approach, we demonstrate (i) how these
group tolerance estimates depend on within group variation and co-variation in resistance,
tolerance, and vigor (performance in a pathogen free environment); and (ii) how tolerance
estimates are affected by changes in pathogen virulence over the time course of infection
and by the timing of measurements. We found that in order to obtain reliable group
tolerance estimates, it is important to account for individual variation in vigor, if present,
and that all individuals are at the same stage of infection when measurements are taken.
The latter requirement makes estimation of tolerance based on cross-sectional field data
challenging, as individuals become infected at different time points and the individual
onset of infection is unknown. Repeated individual measurements of within host pathogen
burden and performance would not only be valuable for inferring the infection status of
individuals in field conditions, but would also provide tolerance estimates that capture the
entire time course of infection.
Keywords: tolerance, resistance, phenotype, infectious disease, livestock, genetic selection
INTRODUCTION
Improvement of host responses to infectious challenges by genetic
means is now widely recognized to be a valuable complement
to conventional disease control in livestock. Disease traits have
been difficult to target by traditional selection, but recent devel-
opments in high throughput genomics provide opportunities to
dissect host responses to infectious pathogens and to increase
the accuracy of selection. Resistance and tolerance are two dis-
tinct mechanisms of host response to infectious pathogens that
could be targeted for genetic improvement. Resistance refers
to the host ability to reduce pathogen invasion or replication,
whereas tolerance refers to the host ability to maintain perfor-
mance and fitness counteracting thus the damage that pathogens
can inflict on it. Consequently, resistance is typically described
as an inverse measure of pathogen burden (Råberg et al., 2007),
whilst tolerance is described in terms of change of host per-
formance or fitness as a result of change in pathogen burden
(e.g., Simms, 2000).
Genetic analyses of disease data focus mainly on resistance
mechanisms. State-of the art methods in genetic analysis of
resistance of livestock to infectious disease have been discussed
and outstanding challenges for obtaining reliable estimates of
resistance parameters have been highlighted (e.g., Morris, 2007;
Bishop and Woolliams, 2010; Ødegård et al., 2011; Bishop et al.,
2012). Tolerance mechanisms as a host defense strategy have
been extensively studied in plant species (Caldwell et al., 1958;
Schafer, 1971). In animals, awareness of the important role of
tolerance is rapidly increasing in immunology and evolutionary
ecology (Råberg et al., 2007, 2009; Read et al., 2008; Ayres and
Schneider, 2012; Medszhitov et al., 2012). However, in the con-
text of livestock breeding, where “breeding for disease resistance”
has attracted a significant research effort, it appears that very little
attention has been paid to the “breeding for increased tolerance.”
The lack of attention to tolerance of livestock to infectious
pathogens in the scientific literature is surprising, given the
increasing need to make livestock production more efficient and
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sustainable in the face of challenges arising from the demands
on global food production and climate change (Foresight annual
review, 2011). Given that pathogen challenges are ubiquitous and
manifold, “maintaining performance in the face of infectious
challenge” or “reducing the impact of pathogens on performance”
(i.e., the very definition of tolerance), appears to be a valuable
breeding goal, at least at first instance. Also, both theoretical and
empirical evidence suggest that a trade-off between resistance and
tolerance may exist (e.g., Simms and Triplett, 1994; Mauricio
et al., 1997; Pilson, 2000). This would imply that attempts to
control infectious disease in a population by improving host
resistance without considering the consequences on performance
may fail if resistance and tolerance are antagonistically related
(Doeschl-Wilson et al., 2009a,b).
There are several potential reasons why improvement of host
tolerance to pathogens has received relatively little attention in
livestock breeding. Some of these reasons are outlined below
and constitute the first part of this paper. A close examina-
tion of these lead us to hypothesize that genetic improvement
of host tolerance to infectious pathogens may be first of all
handicapped by our ability to obtain reliable estimates of tol-
erance at a phenotypic level. Therefore, the aim of this arti-
cle and its companion paper (Doeschl-Wilson et al., 2012) is
to establish what measurements are needed to obtain accu-
rate phenotypic tolerance estimates for genetic studies, and
which factors need to be considered in the statistical analyses
involved in such studies. Here, generic theoretical concepts for
obtaining tolerance phenotypes are presented and their imple-
mentations for estimating tolerance for a group of individuals
are discussed. In the companion paper we address the ques-
tion whether tolerance can also be estimated at the level of
individuals.
WHY HAS GENETIC IMPROVEMENT OF TOLERANCE
RECEIVED LITTLE ATTENTION IN LIVESTOCK GENETIC
RESEARCH?
There are at least four potential reasons for the apparent scarcity
on host tolerance in livestock in genetic research.
THE IMPORTANCE OF DISTINGUISHING BETWEEN RESISTANCE AND
TOLERANCE IN THE ANIMAL BREEDING CONTEXT HAS NOT BEEN
BROUGHT TO ATTENTION
The ambiguity and frequent misuse of the terminology when
referring to disease traits would support this hypothesis. Whilst
“breeding for disease resistance” has become a well-established
term, closer inspection reveals that it is not always clear whether
the disease trait under consideration refers to resistance rather
than to tolerance. For example, infection-induced mortality is a
trait commonly used when describing disease resistance in farm
species, particularly in fish (Houston et al., 2010; Ødegård et al.,
2011). Mortality could actually refer to host resistance, where
the animal dies because it cannot control pathogen replication,
although the actual damage inflicted by a unit of pathogens may
be low. On the other hand, mortality could also refer to toler-
ance, where the animal dies as a result of much damage inflicted
by a unit of pathogens, although the actual pathogen burden may
be low.
Another example where resistance and tolerance are frequently
confused or used interchangeably, is when dealing with the
trypano-tolerance of ruminants, which often refers to disease
resistance mechanisms (Naessens, 2006) or is used to encom-
pass both resistance and tolerance traits (Kemp and Teale, 1998).
For example, Kemp and Teale (1998) state that “trypano-tolerant
cattle show a remarkable resistance to the effects of African try-
panosomiasis: they can tolerate the presence of parasites while
apparently controlling levels of parasitaemia and, crucially not
showing the severe anemia and production loss that are charac-
teristics of infection in susceptible hosts.”
Both host resistance and tolerance enhance host fitness, but
distinguishing between these mechanisms is critical in genetic
improvement programs, not only because they may be to be
antagonistically related (Simms and Triplett, 1994; Fineblum
and Rausher, 1995; Tiffin, 2000; Blanchet et al., 2010), but also
because they can lead to strikingly different epidemiological and
evolutionary outcomes, as outlined below.
GENETIC IMPROVEMENT OF RESISTANCE IS CONSIDERED FAVORABLE
OVER GENETIC IMPROVEMENT OF TOLERANCE
Genetic improvement of host resistance as a disease control strat-
egy may be thought favorable over improving tolerance due to
their different epidemiological and evolutionary consequences.
For instance, disease eradication in a population can only be
achieved through increasing resistance, as improving tolerance
does not constrain pathogen replication (Roy and Kirchner,
2000). Epidemiological theory further suggests that a threshold
density of susceptible hosts is needed for an infection to spread
effectively in a population (Keeling and Rohani, 2008). Thus,
genetic selection may strive toward generating a sufficiently large
proportion of resistant individuals to prevent epidemic outbreaks
(MacKenzie and Bishop, 1999). Genetic selection for pathogen
resistance has indeed led to reduced disease prevalence in farm
species, as exemplified in the case of scrapie in sheep (Baylis et al.,
2004), Escherichia coli F18 infections in pigs (Meijerink et al.,
1997 and intestinal pancreatic necrosis in salmon Ødegård et al.,
2009; Houston et al., 2010). However, evolutionary theory sug-
gests that genetic selection for disease resistance may increase
pathogen virulence, which should not occur when selecting for
tolerance (Roy and Kirchner, 2000). This host-pathogen coevolu-
tion may counteract the short-term benefits of genetic selection
on animal health, as demonstrated in the case of Mareks disease
in poultry (Zelnik, 2003), where selection has only led to short-
term reduction in disease prevalence. Indeed, it has been argued
that increases in tolerance by selective breeding may be more
evolution-proof than manipulations in resistance, because toler-
ance does not impose selection for pathogen counter-measures
(Rausher, 2001).
Genetic improvement of host tolerance may thus be desir-
able in cases where overall host resistance is low leading thus
to high infection prevalence in the population and low chance
of elimination of the infection from the population, as is the
case for nematode infections or mastitis in ruminants (Bishop,
2012). In fact, a recent simulation study modeling mastitis
in dairy cattle (Detilleux, 2011) suggested that under certain
conditions increasing individual tolerance could bemore effective
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for maintaining population health and performance than increas-
ing individual resistance. Accumulated theoretical and empiri-
cal evidence would thus suggest that it is not a priori evident
whether selection for host resistance is favorable over selec-
tion for host tolerance or vice versa. The answer is likely to be
case specific and will depend on of both host and pathogen
properties.
GENETIC SELECTION FOR IMPROVED HOST TOLERANCE IS NOT
POSSIBLE DUE TO LACK OF GENETIC VARIATION
The existence of genetic variation (heritability) for the trait
under consideration is a fundamental requirement for achiev-
ing genetic improvement through selection. Evolutionary argu-
ments suggest greater genetic variation in host resistance than
in tolerance. For instance, Read et al. (2008) indicated that
“the scientific focus on resistance may be because parasite
killing mechanisms are more likely to be genetically vari-
able because of host–parasite coevolution.” Furthermore, Roy
and Kirchner (2000) argued on theoretical grounds that a
tolerance gene should be more likely to be driven to fix-
ation by natural selection than a resistance gene, and sup-
ported their theoretical concept with a number of examples
across diverse plant species where resistance genes tended to
be polymorphic and tolerance genes tended to be fixed. The
theory has been supported in animal species; for example, a
recent study identified genetic variation in resistance, but not
in tolerance of monarch butterflies to a protozoan parasite
(Lefèvre et al., 2011).
However, numerous empirical studies in a variety of plant
and animal species provide evidence to the contrary (Simms and
Triplett, 1994; Fineblum and Rausher, 1995; Mauricio et al., 1997;
Koskela et al., 2002; Råberg et al., 2007; Blanchet et al., 2010) and
would suggest that genetic variation in tolerance is actually a com-
mon phenomenon. For this reason, several theoretical arguments
have been put forward to reconcile the apparently contradictory
empirical findings with existing theory. These include genetic
trade-offs between host fitness in pathogen free environments
and tolerance (Agrawal et al., 1999; Tiffin and Rausher, 1999),
or tolerance mechanisms acting on fecundity rather than on host
survival (Best et al., 2008), as potential mechanisms responsible
for maintaining genetic variation in tolerance. These arguments
support the existence of genetic variation in host tolerance in
animal species.
OBTAINING RELIABLE TOLERANCE PHENOTYPES FOR GENETIC
ANALYSES IS CHALLENGING
Resistance and tolerance cannot be measured directly but
need to be inferred from more readily available measures of
other traits. As resistance refers to mechanisms that reduce
pathogen invasion or replication within a host it is typi-
cally defined as the inverse of within host pathogen burden
(number or mass of parasites per host or per unit host tis-
sue) (Simms and Triplett, 1994; Råberg et al., 2007; Kause,
2011). Tolerance, on the other hand, is defined as the rate
of change in host fitness with regards to changes in pathogen
burden, and as such is consistent with the definition of
the slope when regressing fitness against pathogen burden
(Simms and Triplett, 1994; Simms, 2000; Råberg et al., 2009;
Kause, 2011).
The concept of tolerance originates from evolutionary ecol-
ogy and thus the generic term “fitness” has been widely used
as response variable for describing tolerance. In animal science,
depending on the type of disease, species and breeding goal,
the most appropriate choice of response variable may be a fit-
ness related trait (e.g., reproduction or survival trait), but also a
measurable production trait. From now on we will use the term
performance as a generic term for the response variable when
defining tolerance.
The concept of tolerance is simple: a slope value of zero refers
to complete tolerance, negative slopes to incomplete tolerance
where host performance is reduced due to pathogens, and posi-
tive slopes to a mutualistic relationship between host fitness and
the pathogens (sometimes called overcompensation). In case of
incomplete tolerance, the steeper the slope, the lower the toler-
ance. However, as outlined in detail below, obtaining accurate
phenotypes for this trait is challenging, partly because tolerance
refers to a rate of change of a measurable quantity rather than to
the quantity itself. We consider the difficulties entailed in estimat-
ing tolerance to be themain bottleneck why breeding for tolerance
in livestock has received little attention. For this reason specifying
the tolerance phenotype, both at theoretical and practical level,
constitutes the main focus of our paper.
THEORETICAL CONSIDERATIONSWHEN SPECIFYING THE
TOLERANCE PHENOTYPE
SPECIFYING PATHOGENBURDEN
The need to measure pathogen burden when quantifying tolerance
Numerous studies have investigated the impact of infection on
performance (e.g., Van der Waaij et al., 2000; Vagenas et al.,
2007; Doeschl-Wilson et al., 2008, 2009a; Lewis et al., 2009)
and compared the performance of animals in non-infectious and
infectious environments without quantifying the actual pathogen
burden (e.g., Mackinnon et al., 1991; Bisset and Morris, 1996;
Naessens, 2006; Doeschl-Wilson et al., 2009b). Do such studies
provide useful information on host tolerance?
The ability of animals to maintain relatively undiminished
performance levels whilst infected is usually called resilience
(Albers and Gray, 1986; Bisset and Morris, 1996). Thus resilience
and tolerance are both concerned with the impact of infec-
tion on performance. However, whereas the definition of tol-
erance as a rate of change in performance due to changes
in pathogen burden implies that tolerance cannot be inferred
without quantifying pathogen burden, resilience studies usually
do not include a measure of pathogen burden. Instead vari-
ation in performance is assessed in relation to an unknown
standard level of pathogen challenge to which all individuals
are assumed to be equally exposed (Bisset and Morris, 1996).
As a consequence of this resilience conflates resistance and
tolerance.
To illustrate this, consider the example illustrated in Figure 1A
for two individuals exposed to the same environmental pathogen
burden (or challenge dose). The individuals are assumed to differ
in their resistance to the pathogen in question (Figure 1A) and
(for ease of illustration) have different constant growth rates in
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FIGURE 1 | Schematical figure to demonstrate the importance of
measuring within host pathogen burden when estimating tolerance. The
panels show pathogen burden and performance profiles for two individuals
differing in resistance (panels A), but having the same tolerance (as indicated
by the slope of the solid lines in panels B). Here the performance trait growth
rate y was assumed to depend linearly on pathogen burden PB, i.e.,
y(t) = y0(t) − bPB(t), where y0 refers to growth rate corresponding to
PB = 0 and b is the tolerance slope. For ease of illustration y0 was assumed
to differ between the individuals. The slopes of the dashed lines in
panels (B) refer to the estimated tolerance when ignoring within host
pathogen burden. panels (C) and (D) show the resulting growth rate and body
weight time profiles, respectively. The dashed lines in panels (D) refer to the
body weight profiles of both individuals in the absence of pathogen challenge.
Information on how the data were generated can be found in the Appendix.
the absence of pathogen challenge, but have the same tolerance
(i.e., same reduction in growth rate with increasing pathogen bur-
den, Figure 1B). Due to differences in resistance, the pathogen
replicates at different rates within both hosts, and as a conse-
quence the susceptible individual experiences a greater reduction
in growth rate and thus also in body weight over time than
the resistant individual (Figures 1C,D). Thus, comparison of
performance profiles alone (Figure 1D) may reveal differences
in resilience, but does not provide information on tolerance.
Taking pathogen burden into account is crucial for avoiding
confounding effects between resistance and tolerance. Moreover,
only by considering pathogen burden explicitly can we answer
the crucial question of how performance would be affected by
changes in pathogen challenge (e.g., caused by epidemic out-
breaks or by genetic selection for improved host resistance or
tolerance).
The need to use within-host pathogen burden rather than
environmental pathogen burden or challenge dose when
quantifying tolerance
Having established that pathogen burden needs to be taken into
account when measuring tolerance, the next question is how to
quantify it. Given that the study of tolerance originates from ecol-
ogy, where tolerance analyses follow the methodology of reaction
norms (Via and Lande, 1985; Simms, 2000), i.e., the pattern of
phenotypes produced by a given genotype under different envi-
ronmental conditions, it may seem natural to consider pathogen
burden as an environmental rather than a host characteristic.
The definition of pathogen burden as an environmental char-
acteristic may be attractive from a practical point of view. For
instance, tolerance could be obtained as the slope of performance
measured in a breeding nucleus with generally low pathogen
burden compared with performance in a more pathogenic com-
mercial environment, using estimates of environmental pathogen
burden in either environment. Similarly, immunologists who
think of tolerance as a dose response curve (Ayres and Schneider,
2012), may define pathogen burden by the challenge dose in an
infection experiment (e.g., Lefèvre et al., 2011). Both types of
definitions (i.e., environmental pathogen burden or inoculation
dose) thus assume that the independent variable pathogen burden
is the same for all individuals and constant over time. Although
attractive for practical reasons, using environmental burden or
inoculation dose could however lead to biased estimates of indi-
vidual tolerance due to confounding effects between resistance
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and tolerance. This is illustrated in Figure 1 for two individuals
having the same tolerance, but differing in resistance. Although
both individuals are initially challenged with the same pathogen
burden, within host pathogen burden will eventually differ due
to differences in host resistance (Figure 1A). At any given time
post infection, the susceptible host will have greater loss in perfor-
mance than the resistant host due to greater within host pathogen
burden. If these differences in pathogen burden are not taken
into consideration, and within host burden was replaced by a
constant environmental or challenge burden in the performance
vs. pathogen burden plot, the resulting tolerance slope would
be affected. In the illustrated example (Figure 1B), the slope
of the susceptible individual would become much steeper than
the slope of the resistant individual, suggesting differences in
tolerance despite both individuals having equal tolerance. This
simple example demonstrates that quantifying tolerance requires
measuring individual within-host pathogen load rather than
environmental burden or challenge dose in order to avoid con-
founding effects between resistance and tolerance and to obtain
thus unbiased tolerance estimates.
THE NEED TO ACCOUNT FOR INDIVIDUAL VARIATION IN
PERFORMANCE IN THE ABSENCE OF PATHOGEN CHALLENGEWHEN
QUANTIFYING TOLERANCE OF A GROUP
The definition of tolerance as a slope stipulates that multiplemea-
surements of performance related to different levels of pathogen
burden are required. This requirement has led several researchers
to conclude that tolerance can only be determined at the level
of groups of individuals (e.g., family, breed, or line) (Mauricio
et al., 1997; Råberg et al., 2007, 2009). In fact, to the best of
our knowledge, all quantitative genetic analyses of tolerance to
date have specified tolerance at the level of the group rather than
the individual (McIntyre and Amend, 1978; Simms and Triplett,
1994; Mauricio et al., 1997; Pilson, 2000; Kover and Schaal, 2002;
Råberg et al., 2007; Blanchet et al., 2010; Lefèvre et al., 2011).
In these analyses the group specific tolerance estimate is usu-
ally obtained by regressing the performance of individual group
members against their respective pathogen burden recorded at a
specific point in time.
However, even in the case of a simple linear relationship
between host performance y and pathogen burden PB for indi-
vidual i of group j (as it is assumed in the majority of studies), i.e.,
yij = y0ij + bijPBij (1)
there are three sources of variation between individual group
members: (i) resistance, represented by heterogeneous values for
PBij, (ii) tolerance, represented by heterogeneity in the slopes
bij, and (iii) vigor, i.e., individual performance in the absence
of pathogen challenge, represented by heterogeneity in the inter-
cepts y0ij (Stowe et al., 2000). Moreover, the three traits may
be correlated, representing for example, trade-offs between resis-
tance, tolerance and vigor (Mauricio et al., 1997; Agrawal et al.,
1999; Pilson, 2000; Doeschl-Wilson et al., 2008). As illustrated
in Figure 2, within group variation and co-variation between
these traits can have a profound impact on the performance
vs. pathogen burden relationship, and thus on group specific
tolerance estimates. The figure depicts performance vs. within
host pathogen burden for two families consisting of five individu-
als each. For ease of illustration it was assumed that families have
the same average tolerance (b¯ = −0.01) and the same average
vigor, but differ in average resistance. It was assumed that there is
(the same) within family variation in all three traits, i.e., resistance
(PB), vigor (y0), and tolerance (b). The difference between the top
and bottom panels of Figure 2 is that traits are either independent
(Figures 2A,B) or highly correlated (Figures 2C,D).
Figures 2A,C show that simply regressing performance against
pathogen burden would lead to poor estimates of fam-
ily tolerance. Not only do the regression slopes differ sub-
stantially between both families, but in some cases family
tolerance slope estimates are even positive suggesting over-
compensation (b > 0) rather than incomplete tolerance (b < 0).
The accuracy of family tolerance estimates improves substan-
tially after adjusting performance for individual variation in vigor
(i.e., using yij,adj = yij − y0ij or including y0ij as a covariate in the
regression analysis), as shown in Figures 2B,D.
The results of this simple simulation would thus suggest
that estimating group tolerance not only requires information
of individual pathogen burden and performance post infection,
but also information about individual vigor. A recent simu-
lation study has demonstrated that accounting for individual
variation in vigor is not only necessary for obtaining reliable
phenotypic tolerance estimates, but also for obtaining unbi-
ased estimates of genetic parameters associated with this trait
(Kause, 2011).
THE INFLUENCE OF HOST-INDUCED CHANGE IN PATHOGEN
VIRULENCE ON THE TOLERANCE PHENOTYPE OF A GROUP
One important aspect that has been ignored in the definitions and
approaches outlined so far is that the impact of the pathogens
on host performance (here defined as pathogen virulence) may
change over the time course of infection. As outlined by Ayres and
Schneider (2012) changes in such pathogen virulence are likely to
arise from interactions between host immune response and the
pathogen, and this makes host tolerance and pathogen virulence
practically inseparable. Indeed, a host may be considered to be
defined as tolerant merely because it reduces pathogen virulence
over time without altering the pathogen burden per se. For this
reason it has been proposed to consider host-induced change in
pathogen virulence as a tolerance effect (Little et al., 2010; Ayres
and Schneider, 2012). But how does this additional component of
tolerance affect the phenotypic tolerance estimates of a group of
individuals?
Host-induced changes in pathogen virulence may be repre-
sented by extending the original model (1) relating the perfor-
mance of an individual i from family j at time t to its pathogen
burden as follows:
yij(t) = y0ij(t) + kij(t)PBij(t) (2)
where kij(t) is the time-dependent tolerance slope equal to
bij − vij(t), where bij refers to tolerance in the original sense (i.e.,
change in performance due to change in pathogen burden) and
vij(t) refers to the rate at which the pathogen’s virulence changes
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FIGURE 2 | Schematic figure to illustrate the importance of accounting
for host variation in vigor, and the impact of changes in pathogen
virulence and of correlation between resistance, vigor, and tolerance on
resulting tolerance estimates. The panels show hypothetical performance
vs. pathogen burden plots for estimating tolerance on a family level with
individual variation in resistance, vigor and tolerance. Black and gray symbols
refer to individual performance vs. pathogen burden measurements at an
arbitrary time point frommembers of two families consisting of five individuals
each. Black and gray lines are the corresponding regression lines whose slope
values provide the family specific tolerance estimates. The families differ in
average resistance, but have the same average vigor and tolerance, and the
same trait within family variances and co-variances. Top (A and B) and bottom
(C and D) panels refer to zero and strong correlations between resistance,
vigor and tolerance, respectively. Panels on the left (A and C) show actual
(non-adjusted) performance vs. pathogen burden and panels on the right
(B andD) show performance adjusted to account for individual variation in vigor
yij,adj = yij − y0ij . Only the right hand panels (i.e., using adjusted performance)
provide accurate tolerance estimates. The triangles and stippled lines in panels
(B) and (D) include host-induced changes in pathogen virulence in the
expressions for tolerance (i.e., vij >0 in Equation 2). These increase within
family variation in performance, but do not affect resulting tolerance estimates.
Information on how the data were generated can be found in the Appendix.
over time. Thus, negative bij corresponds to incomplete toler-
ance and negative vij(t) corresponds to a reduction in the impact
of pathogen burden on performance over time. If vij(t) = 0,
i.e., pathogen virulence does not change throughout the time-
course of infection, Equation (2) reduces to (1). As illustrated
by the triangle symbols in Figures 2B,D for vij(t) = vij × t with
constant rates vij, changes in pathogen virulence alters host per-
formance measured at a specific point in time without affecting
the corresponding pathogen burden, and thus affects the result-
ing regression slopes derived from the scatter plots. This justifies
statistically the inclusion of host-induced change in pathogen
virulence as a component of tolerance.
It is noteworthy that the additional tolerance component
introduces a further source of within family variation (and
co-variation with other parameters), increasing thus the risk
of errors in estimating tolerance slopes and the need for
more samples to achieve statistical significance. In our simple
illustrative example consisting of families with five individu-
als, the corresponding regression slopes were statistically sig-
nificantly different (p < 0.05) when within family variation
in pathogen virulence was added, although the average tol-
erance [i.e., average values for parameters b and v in equa-
tion (2)] was the same for both families. Note also that it is
not possible to separate the two tolerance components (one
affecting performance as a result of changing pathogen bur-
den and one affecting the impact of a unit of pathogens on
performance) when estimating group tolerance from the scat-
ter plots. It is thus concluded that it is important to take
into account that group tolerance estimates not only com-
prise changes in performance directly caused by changes in
pathogen burden, but also by potential changes in the impact
of the pathogens on host performance over time, and that both
components may give rise to substantial within and between
group variation.
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THE INFLUENCE OF INDIVIDUAL VARIATION IN THE ONSET OF
INFECTION ON THE TOLERANCE PHENOTYPE OF A GROUP
In all examples shown thus far it was assumed that all individuals
become infected at the same time, and that measurements are
taken at the same time post-infection. Whilst these conditions
can be met in artificial challenge experiments (e.g., Råberg et al.,
2007; Lefèvre et al., 2011), they are unlikely to hold in natu-
ral populations where the infection spreads naturally between
individuals (e.g., Blanchet et al., 2010). Can reliable estimates of
group tolerance be also obtained in the case of natural transmis-
sion dynamics based on samples collected at fixed time points?
Two phenomena may interfere with the estimation: firstly, not
all individuals of the population may have become infected, and
thus not all individuals may express tolerance. Secondly, indi-
viduals are likely to vary in exposure and consequently become
infected at different times, and the onset of infection is usually
unknown. The first phenomenon is likely to affect the number
of samples required to achieve statistical significance. To under-
stand the impact of the second phenomenon on group tolerance,
imagine for example, two individuals with the same resistance
and tolerance. If infected at the same time, the individuals would
produce the same point on the performance vs. pathogen bur-
den plot. However, the individuals may have drastically different
within host pathogen burden if they became infected at different
times. Without knowing the onset of infection for both indi-
viduals, it is impossible to discern whether differences in within
host pathogen burden reflect differences in host resistance or
differences in exposure to infection. This may introduce com-
plications for disentangling host resistance from tolerance and
produce biased tolerance phenotypes (see section “Specifying
Pathogen Burden”). Similarly, both individuals may have sim-
ilar pathogen burden at the time of measurement, but due to
different exposures, one individual is at the early stage of infec-
tion (e.g., when pathogen burden rises in Figure 1A), whereas
the other individual is already in the process of recovery (e.g.,
when pathogen burden declines in Figure 1A). Furthermore, if
the host immune response alters pathogen virulence over the
time course of infection, the individual who is at the early infec-
tion stage is likely to have a greater performance measure than
the recovering individual who has been infected for longer. In
this case, differences in performance rather than in pathogen
burden would produce artificial differences in the tolerance
slopes.
To further illustrate the impact of different exposure
times on group tolerance estimates, Figure 3 shows cross-
sectional samples of performance and pathogen burden for the
same individuals of two families as simulated in Figure 2B
(i.e., same average tolerance). However, in Figure 3, individuals
were assumed to vary in their time of infection. This was rep-
resented by choosing the time of infection of each individual
at random within a 5 day period. As a result, the correspond-
ing family specific regression lines were no longer parallel,
thus erroneously implying that one family is more tolerant
than the other. In summary, individual variation in exposure
blurs the distinction between resistance and tolerance and is
likely to introduce bias in the phenotypic estimates of group
tolerance.
FIGURE 3 | Schematic figure to illustrate the importance of measuring
pathogen burden and performance at the same time point
post-infection. The panels shows simulated performance vs. pathogen
burden plots for the same individuals of the two families whose plots are
shown in Figure 2B (also solid lines corresponding to no change in
pathogen virulence). Families differ in average resistance but have the
same average tolerance. Here, pathogen burden and performance records
refer to different time points post infection, mimicking natural field
conditions where individuals get infected at different times. This introduces
error in the family specific tolerance estimates, as reflected by the different
slopes of the corresponding (black and gray) regression lines. For further
explanation see caption of Figure 2.
DISCUSSION AND IMPLICATIONS
Reliable phenotypes are paramount for estimating genetic
variation of traits of interest and for predicting breeding values for
artificial selection. Improving tolerance of farm animals to infec-
tious disease appears a desirable breeding goal for several reasons.
However, apart from few studies investigating evidence for genetic
variation in model species (e.g., Corby-Harris et al., 2007; Råberg
et al., 2007; Ayres and Schneider, 2008) or wild populations (e.g.,
Blanchet et al., 2010; Lefèvre et al., 2011), essential knowledge
of the existence and degree of genetic variation in tolerance of
livestock is still lacking. We came to the conclusion that this gap
of understanding may be largely due to difficulties in estimating
tolerance phenotypes.
Most publications address the issue of “how to measure toler-
ance” either from a conceptual (e.g., Simms, 2000; Råberg et al.,
2009; Ayres and Schneider, 2012) or an empirical perspective
(e.g., Simms and Triplett, 1994; Mauricio et al., 1997; Råberg
et al., 2007; Blanchet et al., 2010; Lefèvre et al., 2011). Conceptual
studies are valuable for introducing the methodology (e.g., that
tolerance can be considered as the slope when plotting perfor-
mance vs. pathogen burden). However, theymay not always reveal
how these concepts can be implemented in practice. For example,
tolerance as a concept is typically introduced at the level of indi-
viduals, but in practice it has only been estimated at the level of
a group of individuals. Empirical studies, on the other hand may
provide quantitative estimates of tolerance, but do not provide
the necessary insight into the potential bias in these estimates as
developed above. Tolerance estimates could be influenced by a
variety of factors, including the time(s) at which measurements
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are obtained, within family variation in resistance, tolerance and
vigor, and co-variation in these traits as discussed above. It is dif-
ficult to determine the impact of these factors empirically. For
this reason, we combined here a qualitative literature review with
some simple simulations that allow a systematic and quantitative
investigation of the effects of various individual factors and their
interactions on resulting tolerance estimates.
Our study emphasizes that, in comparison to other traits
targeted for genetic improvement in farm animals, estimating tol-
erance to infectious pathogens is more complicated as it requires
multiple measurements per individual. This is even the case if
tolerance is defined at a group level, and contrasts with, for exam-
ple, estimates of resistance that can be obtained by measuring
pathogen load at a relevant point in time. For instance, in order to
avoid confounding effects between host resistance and tolerance,
it is critical to measure not only the performance of individuals
challenged with pathogens, but also their individual within host
pathogen burden in a way that it accurately reflects host resis-
tance. Also, in order to avoid bias in the tolerance slope estimates,
it is essential to record individual host performance not only when
individuals are infected, but also in a non-infected state or when
exposed to a different level of pathogen challenge.
We are not the first to point out that measurements of within
host pathogen burdens are critical for estimating group toler-
ance (e.g., Simms and Triplett, 1994; Råberg et al., 2009; Ayres
and Schneider, 2012; Kause and Ødegård, 2012). Indeed, most
empirical evidence for genetic variation in tolerance in plants and
animals to date is based on analysis of covariance, where a sig-
nificant F-test for family by pathogen burden interactions implies
genetic variation in tolerance. There is however ambiguity in how
and when within host pathogen burden should be measured.
Previous studies have used (i) pathogen (e.g., macro parasite) lev-
els at a particular time post-infection (e.g., Simms and Triplett,
1994; Mauricio et al., 1997; Pilson, 2000), (ii) peak pathogen bur-
den (e.g., Råberg et al., 2007), (iii) the area of the pathogen curve
over the time course of infection (e.g., Rowland et al., this issue),
(iv) inoculation dose (e.g., Lefèvre et al., 2011), or (v) pathogen
burden of individuals infected at different time points, measured
at a fixed sampling time or after death (e.g., Blanchet et al., 2010;
Lefèvre et al., 2011). Our study would suggest that options (i–iii)
are the least likely to introduce bias in the resulting tolerance esti-
mates, as they do not confound resistance and tolerance effects
and do not simultaneously consider individuals that differ in their
infection states. In particular, option (iii) would provide estimates
of host resistance and tolerance that refer to the whole time period
of infection rather than to a single point in time. However, this
would require repeated measures of pathogen burden and host
performance over time for every individual. Controlling the time
at which records are collected may not always be feasible in prac-
tice; in particular if diagnostic tests for living animals do not
exist for the infection under consideration. Also, available diag-
nostic tests may only provide crude estimates or proxies of actual
pathogen burden and thus host resistance (e.g., PCR or ELISA test
providing information of whether the animal has been infected
or not). Further studies would be warranted to determine how
inaccuracies in pathogen burden influence the resulting tolerance
estimates.
Previous studies have demonstrated that ignoring individual
variation in vigor can affect inferences about host evolution (Little
et al., 2010), and introduce bias in estimates of genetic variance
of tolerance when vigor and resistance are correlated (Kause,
2011). Our simulations show that serious bias in the tolerance
slope estimates (and therefore probably also in the estimates of
genetic variance in tolerance) can occur if individual variation in
host vigor is not properly accounted for. As an individual can-
not be simultaneously infected and not infected, these multiple
measurements on an individual would need to be obtained prior
(to measure vigor) and post (to measure tolerance) challenge.
This may not be difficult to achieve, particularly if challenge tests
are performed. However, as discussed in our companion paper
(Doeschl-Wilson et al., 2012), the time delay between successive
measures may introduce the risk that factors other than pathogen
burden contribute to changes in host performance leading thus to
biased tolerance slope estimates. This problem is easily prevented
by choosing a performance trait that is zero for all animals in
the absence of pathogen challenge, such as for example infection-
induced weight loss (Råberg et al., 2007) or infection-induced
mortality (e.g., Corby-Harris et al., 2007; Ayres and Schneider,
2008; Blanchet et al., 2010). Note however, that not all perfor-
mance traits relevant in livestock production satisfy this criterion
as they are rarely in a steady state. Hence, care needs to be taken in
the statistical analysis to account for factors influencing temporal
changes in performance not related to pathogen challenge.
For ease of illustration we assumed a linear relationship
between pathogen burden and performance in our simulations.
In reality, pathogen burden may have a non-linear effect on
performance. In particular, it is quite likely that pathogen bur-
den needs to exceed a certain threshold level within the host,
before impacting noticeably on performance (Sandberg et al.,
2006). Also, variation in pathogen virulence between hosts may
cause a more complex relationship between host performance
and pathogen burden in the scatter plots that cannot be easily
linearized. Our conclusions should also hold in the case of such
non-linear relationships, although adaptations in the quantifica-
tion of tolerance would need to be made because the slope will
no longer be constant over the entire pathogen burden range.
Two approaches for dealingwith such non-linear relationships are
presented in the literature. The first approach restricts the def-
inition of tolerance to a range of pathogen burden values over
which the slope is approximately constant [termed “range toler-
ance” by Little et al. (2010)]. This would imply that in order to
compare tolerance of different groups of individuals, the groups
need to overlap in their levels of pathogen burden. Otherwise,
they may be equally tolerant but their data may refer to different
sections of the performance vs. pathogen burden curve and con-
clusions obtained will be wrong (see e.g., Råberg et al., 2009). The
second approach is to replace the slope of the regression of per-
formance against pathogen burden with the area of performance
under the pathogen burden curve, after standardizing to account
for variation in vigor (Pilson, 2000).
Accurate phenotypic measures only constitute the first step
toward predicting breeding values for artificial selection or for
identifying loci affecting the trait under consideration. The accu-
racy of these genetic parameter estimates will not only depend
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on the quality of resistance and performance measures, but also
on family size, genetic, and phenotypic correlations between this
trait and resistance and vigor, and on the underlying genetic
architecture (Kause, 2011). Perhaps the most limiting factor in
genetic improvement of host tolerance is the fact that tolerance
as a trait is a property of an individual, yet according to current
methods it can only be quantified at a group level. In current
breeding programs, selection across families is used as an alter-
native to individual selection when traits cannot be measured
on selection candidates (e.g., meat quality and disease resis-
tance traits). However, the genetic progress that can be achieved
by artificial selection is limited when within family variation is
ignored. Genome-wide evaluations are considered highly bene-
ficial in such cases where individual phenotypes are difficult to
obtain in practice, as they provide a means to use both between
and within family variation (Sonesson and Meuwissen, 2009;
Villanueva et al., 2011). But although the need of measuring the
trait of interest can be avoided for some generations, individual
measures are still needed for estimating SNP effects. Thus for
genetic improvement programs, individual tolerance phenotypes
would be highly desirable.
In conclusion, estimating tolerance phenotypes for a group
of related individuals constitutes an important first step toward
improving the tolerance of livestock to infectious diseases. In
order to obtain unbiased estimates of group tolerance, accu-
rate measures of within host pathogen burden and perfor-
mance of individual animals, associated with different levels of
pathogen burden (e.g., non-infected and infected) are needed.
In order to avoid confounding effects between differences in
individual resistance and environmental exposure when esti-
mating group tolerance, individual measures of pathogen bur-
den and host performance would need to be obtained at the
same time point post pathogen exposure for all individu-
als. This makes estimating tolerance from field data extremely
challenging.
It should be noted, that many of the issues raised here for
tolerance also arise when improving host genetic resistance to
infectious disease through selection (Bishop et al., 2012). In par-
ticular, as outlined by Bishop and Woolliams (2010) individual
differences in pathogen exposure, appropriate timing of measure-
ment and poor test diagnostics all contribute to potential bias
in genetic parameter estimates for host resistance to infectious
pathogens. Nevertheless, selection for improved host resistance
has been notably successful for a variety of diseases, including
nematode infections in sheep, IPN in salmon, mastitis in dairy
cattle and E. coli infections in pigs. Although natural selection
for tolerance appears to have been successful in several animal
and plant species, it remains to be shown if similar success can
be achieved through artificial selection. This paper contributes
toward this endeavor by outlining the kind of measurements
needed to make progress in this direction.
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APPENDIX
SUPPLEMENTARY INFORMATION ON GENERATION OF DATA FOR
FIGURES 1 AND 2, RESPECTIVELY
The data for Figures 1 and 2 were generated using the following
equations for pathogen burden (PBij) of individual i in family j
and performance (yij):
PBij(t) = 100t2exp
(−cijt
)
yij(t) = y0ij(t) − kij(t)PBij(t)
where kij(t) = bij − vijt refers to the tolerance slope, and y0ij(t)
refers to performance at time t in the absence of pathogen
challenge.
Parameter values for individuals 1 and 2 in Figure 1 were
c1 = 0.8 and c2 = 0.8, vi = 0 for i = 1, 2 and y01 = 1 and
y02 = 0.5, respectively.
Parameter values for individuals in Figure 2 were
ci1 = {0.6, 0.7, 0.8, 0.9, 1.0} , ci2 = {1.0, 1.1, 1.2, 1.3, 1.4} ,
y0ij ∈ {0.6, 0.7, 0.8, 0.9, 1.0} , bij = {0.006, 0.008, 0.01,
0.012, 0.014} ,
and vij = 0 (squared symbols and solid lines) or vij ε {0.0006,
0.0008, 0.001, 0.0012, 0.0014} for triangles and stippled lines. For
Figures 1A,B, individual parameter values were chosen at ran-
dom, whereas for Figures 1C,D, individual parameter values were
ordered to generate correlation between resistance, tolerance and
vigor. Plots were generated based on predicted pathogen burden
and performance at time t = 1.
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